Abstract | The ability to comprehend and produce speech after stroke depends on whether the areas of the brain that support language have been damaged. Here, we review two different ways to predict language outcome after stroke. The first depends on understanding the neural circuits that support language. This model-based approach is a challenging endeavor because language is a complex cognitive function that involves the interaction of many different brain areas. The second approach, by contrast, does not require an understanding of why a lesion impairs language; instead, predictions are made on the basis of the recovery of previous patients with the same lesion. This approach requires a database that records the speech and language capabilities of a large population of patients who have, collectively, incurred a comprehensive range of focal brain lesions. In addition, a system is required that converts an MRI scan from a new patient into a three-dimensional description of the lesion and compares this lesion against all others on the database. The outputs of this system are the longitudinal language outcomes of corresponding patients in the database. This approach will provide the patient with a range of probable recovery patterns over a variety of language measures.
Introduction
Every year, millions of people worldwide are faced with the consequences of brain damage. Aphasia is a disorder caused by damage to the areas of the brain that support our ability to comprehend and produce speech. This condition is usually caused by stroke, brain tumors, traumatic brain injury or degenerative brain disease, and it leads to difficulties in speaking, understanding, reading and writing. Communication problems severely impair a person's quality of life, and everyday tasks, such as making telephone calls, shopping or holding a conversation, can become impossible. In the UK alone, ≈250,000 people, many of whom are under the age of 65 years, have aphasia. Surprisingly, however, the relationship between the site of brain damage and the type of aphasia remains poorly understood. [1] [2] [3] [4] [5] No system is available to predict when, how, or indeed whether a patient with language difficulties will recover, thereby compounding the difficulty of deciding which course of therapy is best suited to an individual patient. Boxes 1 and 2 summarize the current procedures for assessing and treating aphasia.
MRI provides detailed information on brain structure, and has motivated new research on the relationship between lesion site and language outcome. In this article, we review what is already known from patient population studies about the lesion sites that impair speech comprehension and production. We then introduce a new dataled system, Predicting Language Outcome and Recovery After Stroke (PLORAS), for predicting language outcome and recovery after stroke, and discuss future directions for research. We focus on the diagnosis and prognosis of language disorders in the post-acute phase after stroke, when edema is reduced and perfusion of the ischemic penumbra has stabilized. 6 The general principles might be applied to patients with traumatic brain injury and tumors (before and after neurosurgical intervention), but we do not consider the longitudinal changes in language function that occur in degenerative diseases.
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What do we already know?
The legacy of Broca and Wernicke Our current understanding of the brain regions that support language was founded on the pioneering work of Paul Broca [13] [14] [15] and Carl Wernicke [16] [17] [18] [19] in the late 19 th century. On the basis of postmortem examinations, Broca reported damage in the posterior half of the in ferior frontal gyrus in a patient who was only able to say "tan", and Wernicke later identified damage in the left posterior temporal cortex in a patient who had difficulty comprehending speech. The area associated with producing speech was subsequently referred to as Broca's area, and the area associated with comprehending speech was termed Wernicke's area. Broca's area is neuro anatomically defined as the pars opercularis (Brodmann area 44, an terior to the precentral sulcus) and the pars triangularis (Brodmann area 45, between the ascending and horizontal limbs of the Sylvian fissure). 20 By contrast, Wernicke's area is neuroanatomically defined as the posterior part of Brodmann area 22 that encircles the auditory cortex on the Sylvian fissure where the temporal and parietal lobes meet. The anatomical and functional boundaries of Wernicke's area are poorly defined, 17 although distinct neural subsystems within the classic Wernicke's area have been identified. 21, 22 The importance of Broca's and Wernicke's areas for producing and understanding speech has been appreciated for a century and a half, but the over simplification of this categorization is also well documented. 21, [23] [24] [25] [26] Damage to these areas does not always impair language function, and difficulties in comprehending and producing speech can arise from injuries affecting many dif ferent areas of the brain. 22, 24, [27] [28] [29] [30] [31] 32, 33 In a fascinating study published in 2007, Dronkers et al. had the unique opportunity to conduct high-resolution structural MRI scans on the 19 th century brains on which Broca based his original theory.
14 Rather than dissecting these brains, Broca had ex amined their surface characteristi cs and preserved them for future investigation. The MRI investigations reported by Dronkers et al., 14 as well as earlier reports of CT scans by Signoret et al., 34 revealed that the lesions in Broca's patients covered an area extending far beyond the posteri or half of the left inferior frontal gyrus (Broca's area). Damage was also observed deep in the inferior parietal lobe, and in the anterior superi or temporal lobe, the claustrum, the putamen, the globus pallidus, the head of the caudate nucleus, and the internal and external capsules. The insula was found to be completely destroyed, as was the entire length of the superior longitu dinal fasciculus, along with other frontoparietal peri ventricular white matter and the medial subcallosal fasciculus. In summary, damage was noted throughout the left he misphere, both cortically and subcortically.
Given what we now know about the size of the lesions in Broca's patients, it is impossible to deduce from these classic cases which areas of brain damage were responsible for the speech production difficulties. All we can infer is that some undefined part of the lesion was necessary for prior language ability in each case. Crucially, the location and extent of lesions do not generally correspond to the size and shape of functional areas, but are instead determined by cerebrovascular factors (that is, the blood supply that has been interrupted) in the case of ischemic stroke, the physical location of the trauma in the case of head injury, or the type and extent of patholo gy in the case of neurodegeneration. 35, 36 The findings described above raise two important points. First, a predictive model of language outcome after brain damage must be based on data from large populations of patients so that the effects of lesions that are most consistent across patients can be identified. Small samples might not be representative of the general aphasic population, but could instead represent 'rare' or 'interesting' cases sampled from the extremes of the clinical spectrum. Second, both functional imaging and lesion studies have shown that many brain regions support both speech comprehension and production ( Figure 1) . 37, 38 Therefore, aphasia is likely to result from many different lesion sites, and an association with damage to one region does not exclude the involvement
Key points
Currently, no method exists to accurately predict recovery from aphasia ■ after stroke
Many factors influence recovery, but the main determinant is lesion site ■ We introduce a new system, PLORAS (Predicting Language Outcome and ■ Recovery After Stroke), to predict language outcome on the basis of lesion site
Predictive validity of this system will depend on collaborative efforts to develop ■ an international database of other regions. 38, 39 For example, speech production involves many cognitive processing steps, including access to conceptual knowledge; linking conceptual knowledge to the sounds of words; selecting the most appropriate word; access to the articulatory plans associated with that word; motor programming; initiation of movement; coordination of the timing and direction of movements of the speech articulators; and respiratory control. Each of these subcomponents could be supported by a different brain region or network of regions. Consequently, speech production difficulties could arise from damage to many different regions. 40 An appreciation that many brain regions are required for speech production explains why patients can have poor speech production without damage to Broca's area, but does not explain why some patients have good speech production abilities in the presence of damage to Broca's area. 4 , 24 An important concern is that the mapping of examination A clinician can determine whether a patient needs formal speech-language assessments by initiating conversation with questions such as "how did you get here today?" Patients can also be asked to describe a picture (for example, from a newspaper), and name items at hand (for example, shirt, button, cuff, seam). If speech output is low, patients can be asked to count or repeat back single words or phrases. Assessment and diagnosis are based on the rate of speech (high, low or normal), its structural content (is it grammatically well formed; is there an over-reliance on nouns?), its functional content (is the patient getting concepts across?), and errors (phonemic, semantic, jargon).
Writing usually mirrors speech output in pure aphasic disorders, but when an articulatory disorder such as dysphonia, dysarthria or speech apraxia is superimposed, written output may be better than speech output (right hand function will often be compromised, so assess for content rather than neatness).
Speech comprehension can be assessed with one, two and three stage commands; for example, "point at the ceiling, then the floor and then the door." If the patient is very severely affected (usually in the acute phase after stroke), arrange three common objects and ask them to point to one.
Reading is usually impaired in aphasic disorders (central alexia). Reading aloud can be diagnostically helpful in some patients with dementia; surface alexia (mispronouncing words with irregular or exceptional spellings; for example, yacht read as "yatched") can occur early in semantic dementia.
language functions to brain structures might vary so much between patients that any kind of meaningful prediction at the individual level would be impossible. This concern is lessened, however, by the consistencies in localization of language areas identified by functional neuroimaging studies of speech compre hension and production across different groups of participants. 41 Moreover, functional MRI studies have shown that the main sources of interindividual variability in task-dependent brain activity seem not to be random or infinite, but instead reflect a limited number of different ways of performing the same task. 42, 43 If alternative neural systems are available to support speech production (Figure 1c ), selective disrup tion to Broca's area might only have a transient effect on speech production. 44 
Contemporary research
With the above points in mind, we now turn our attention to the lesion sites that have recently been associated with language impairments in large populations of patients, as opposed to unintegrated single case studies. We searched PubMed for research papers reporting popula tion studies of the lesion sites that impaired performance on speech production or speech comprehension tasks. Our web searches included various combinations of the following terms: "stroke", "MRI", "aphasia", "language", "speech", "comprehension", "production", "vLSM", "vBM" and "voxel based". We also searched the reference lists of identified papers for further leads. We only included studies that used in vivo radiological investigations with high-resolution MRI to provide detailed information on the structural integrity of the brain, thereby increasing the precision with which the language-related areas could be identified. As the development of MRI is relatively recent in the history of lesion studies, our literature search was limited to the past 15 years. We focused on studies that analyzed data from the whole brain rather than damage to predefined regions of interest, because the former studies were most likely to find the areas that were consistently associated with a particular language dysfunction, and did not rely on a priori predictions. Our decision to exclude smaller studies that used regions of interest does not imply that we think these studies have no value. On the contrary, studies that focus on a single anatomical region (for example, subcortical regions [45] [46] [47] [48] [49] ) can provide vital information, particularly if the region of interest is rarely damaged (for example, the cerebellum 50, 51 ), or when the effect of damage to one region is compared with damage to another region. 52 In our opinion, however, the findings from population studies can be better generalized to new patients than can the findings from the smaller studies.
The biggest surprise from our literature search was that we only found 13 studies that met our inclusion cri teria. 32, [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] Table 1 lists the reported relationships between lesion sites and language difficulties. The results can be interpreted from several different perspectives, but here we focus on using these results to help predict language outcome from lesion site. This approach requires us to reverse the line of inference: rather than searching the brain for lesion sites where damage is related to performance on a particular behavioral measure, we wish to identify the language functions that are impaired after damage to a particular brain region.
The first point to note from Table 1 is that the results replicate a long history of previous lesion reports based on series of single-patient studies. 24, [65] [66] [67] [68] [69] [70] [71] [72] Our literature search revealed that the critical lesion sites that caused language difficulties were located in the left hemisphere. All studies of auditory speech comprehension recognized the importance of the left posterior superior temporal and/or left middle temporal regions (Wernicke's area), and non fluent speech production was associated with damage to the left inferior and/or middle frontal gyri and the underlying white matter (all in the vicinity of Broca's area). This replication of previous findings is encouraging because it validates the neuroimaging techniques that have been developed to study patients at the population level. In addition, the findings summarized in Table 1 highlight two important results. First, speech comprehension is consistently associated with left frontal damage as well as left temporal damage. 73 Second, the area most frequently associated with nonfluent articulation is the left insula, rather than Broca's area. As noted above, however, the strong association of nonfluent speech with left insular lesions does not preclude the importance of Broca's area for fluent speech. 40 Population studies of the lesions that cause difficulties in speech comprehension and production are still at an early stage. The next step will be to determine the degree of consistency of the group results at the individual level in order to estimate what proportion of patients with damage to a particular region had a given language impairment. As multiple areas of damage can be associated with the same type of language dys function, post hoc investigation of the individual lesions is also important for determining whether impaired function is associated with damage to multiple regions in all the affected patients,
Box 2 | Treating aphasia

Speech therapy
Treatment of aphasia is effective, particularly in patients with a nonprogressive cause. [124] [125] [126] [127] [128] [129] [130] [131] Speech therapy improves 'real-world' outcomes, but the main issue is 'dose' or amount of therapy. A meta-analysis comparing 'positive' with 'negative' studies showed that 90 h or more may be needed; the negative studies averaged 44 h (SD 8 h) of therapy in total. 126 This amount of therapy can be difficult to achieve in many health-care systems. The intensity and timing of therapy has not been clearly established; 132 the general principles of 'the earlier the better' and 'the more the merrier' would seem reasonable, but some patients, especially those with disabling stroke, are not physically or psychologically ready to engage with therapy in the acute phase. Recovery curves tend to be asymptotic, 133 but considerable evidence now indicates that patients can benefit from intensive interventions in the late or chronic phase (>5 years after the causative event).
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Drug therapy
The use of drugs, either alone or in conjunction with speech therapy, to promote recovery is an important area of ongoing research. The results of early studies were discouraging, but more-recent, and perhaps better controlled, studies have shown beneficial effects for cholinergic and dopaminergic agents, as well as glutamatergic N-methyl-d-aspartate receptor antagonists.
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RevieWS different subregions in different patients, or different combinations of subregions. 'Multilesion' analyses need to be performed that take into account the size, distribution and combina tion of all damaged regions. [74] [75] [76] [77] [78] Critically, however, the success of these multi lesion analy ses will depend on increasing the population size and ensuring as much di versity as possible in the lesion site and behavioral scores, 36, 61 because a region supporting a language function will only be identified if the sample includes patients both with and without damage to that region. For example, studies of progressive aphasia and semantic dementia have shown that anterior temporal lobe damage impairs both verbal and nonverbal comprehension, [79] [80] [81] but population studies of patients with stroke have few data pertaining to the loss of the anterior temporal cortex, because this region is in the borderzone between the middle and posteri or cerebral artery territories, so is rarely completely damaged by ischemic stroke. The lack of a relationship between language dysfunction and a region in a lesion study, therefore, does not imply that the area was not important for language.
In summary, future studies need to combine data from large samples of patients showing heterogeneous lesion sites and behavior. The studies must account for both the extent of damage (the number and combination of regions damaged) and the site of damage, and should report post hoc analyses of the individual variability in language outcome for each region and combination of regions that are damaged, along with the degree of damage to each area.
A new data-led system
A patient with aphasia wants to know their chances of recovery and what therapies will speed up the recovery process. These questions can be answered from two different perspectives. The first is based on a theoretical model of how language is implemented in the brain. This 'model-led' approach requires an understanding of the full set of regions involved in each language task, the function of each subregion, and alternative neural systems for the same language function. At present, we have no way of knowing when our understanding of language networks will be sufficient to predict lan guage outcome after brain damage. The second approach, by contrast, is based on data from other patients who have similar brain damage. This 'data-led' approach will allow the clinician to inform an aphasic patient how other patients with the same symptoms and distribution of stroke damage progressed in the years following their stroke. The data-led approach is likely to be more rapidly available than the model-led approach, because it does not necessitate an understanding of why damage has impaired language function, but simply requires proof of efficacy, safety and reproducibility.
A data-led system for predicting language outcome and recovery after stroke requires a database of structural MRI and behavior from standardized assessments in hundreds of stroke patients. The system also requires software to measure and compare lesions in different patients. 61, [82] [83] [84] [85] [86] The expected language outcome of a new patient can then be estimated by first, conducting a high resolution MRI scan; second, comparing the lesion site with that of all the other patients in the database; third, selecting patients in the database who are most similar to the new patient, in terms of their lesions and presenting symptoms; and last, extracting the language scores, over time, for these 'similar' patients ( Figure 2 ). This Activation is also consistently observed in the anterior superior temporal cortex and inconsistently observed in Broca's area. c | Hypothetical effects of lesions (green areas) when two alternative pathways (orange and pink) lead to the same output (red). A small lesion is more likely than a larger lesion to leave one pathway intact, although the position of the lesion is more crucial. In the middle configuration, for example, a small lesion knocks out an area that is essential to both pathways, whereas in the left-hand configuration a large lesion leaves one pathway intact. Damage to two pathways (right-hand configuration) can have a much more devastating effect than damage to one pathway.
pr ocedure would provide information of the following type: "85% of previous patients with the same lesion made a full recovery in 1 year. " Language involves many different skills that can become impaired independently of one another (for example, articulation, com prehension and reading), so a different output will be needed for each type of function. For example, the data might indicate a 90% likelihood of regaining one function, a 10% likelihood of regaining another function, and a 50% likeli hood of regaining a third function. This information would be useful to patients, relatives and therapists.
The accuracy of the language outcome predictions will depend on multiple factors. For some lesions and be haviors, the predictive accuracy should be close to 100%. For example, a right-handed patient is highly likely to have prolonged speech and language difficulties following extensive left middle cerebral artery damage. Conversely, a lesion to the visual cortex is highly unlikely to cause difficulties in the comprehension or production of speech. For many other lesion sites and behaviors, however, the predictive accuracy might be low, because the effect of the same lesion site on language function varies from patient to patient (Figure 2 , bottom righthand panel). Factors that might underlie the inconsistency across patients with similar lesions include: comorbidity, age, handedness, sex, hearing, vision, education, premorbid learning ability, motivation to relearn, attention, working memory, multilingual experience, ethnicity, social and cultural background, and the availability of speech therapy and pharmacological intervention. [87] [88] [89] [90] Intrinsic variability in functional anatomy will also be observed, because the gyral and sulcal 'landmarks' in struc tural MRI scans do not necessarily correspond to the functionally relevant cytoarchitectural structure. The pre dictive validity should be apparent from the degree to which language outcome varies across patients in the database.
The accuracy of the language outcome predictions will also depend on how accurately the lesion has been measured. Brain damage is typically distributed in a complicated fashion, because damage to one brain region affects the structure and function of neighboring and distantly connected regions. 91, 92 A single neurological infarct can, therefore, result in damage to multiple and distributed regions. Each of these regions may cause their own functional impairment but, as illustrated by Figure 1c , the combination of multiple regions of damage could have a much greater effect on behavior than the sum of the effect of each region alone. 74, 75, 93 The measurement of the lesion site, therefore, needs to define the damage as a threedimensional volume (the lesion) in a three-dimensional space (stereotaxic coordinates) without losing information on the relative degree of damage in each part of the lesion. 84, 94 High-resolution and high-definition imaging are likely to detect regions where damage is subtle or invisible to the eye. Other factors that might improve the description of the lesion include information on perfusion, diaschisis, edema and neuron al activity in the perilesional tissue. 6, [95] [96] [97] [98] [99] [100] Given that speech and language performance after brain damage can depend on so many different variables, how feasible is the data-led prediction approach depicted in Figure 2 ? The answer to this question will, no doubt, depend on the language function being tested and the loca tion of the lesion site. For example, brain damage follow ing stroke is more common in some vascular territo ries than others, 101 so the database will have more information on the effects of frequently occur ring lesions than rare lesions. Encouragingly, studies of large po pulations of patients with stroke show that the strongest predictor of language dysfunction is the lesion site. 32, 102 For example, Yang and colleagues studied a sample of 1,198 stroke patients, of whom 325 were aphasic. They reported that 288 out of 325 (88.6%) of the patients with aphasia had damage to known left he misphere language areas, such as Broca's and Wernicke's areas, and only 9 patients had no language difficulties following damage to Broca's and Wernicke's areas. 102 A relational database of the type described in Figure 2 could be used to investigate the factors that explain inconsistencies as well as si milarities across patients.
Other factors that are relevant to the establishment of a relational database concern the difficulty and expense of recruiting, scanning and testing patients with diverse lesion sites at different time points; the computing power needed to analyze, integrate and store the data; and the methodological advances that are required to combine and compare data from different patients. Most of these obstacles have now either been overcome or could be overcome with sufficient resources and collaboration. For example, computing power has risen at an exponential rate, 103 international and web-based communication is becoming cheaper and easier, 104 and methodological advances in neuroimaging 105 have increased our ability to combine brain images from different patients into a common anatomical space 84, 94, 106 and analyze thousands of regions simultaneously. Furthermore, recent advances in neuroimaging analysis and computing power mean that large-scale databases of neuro imaging data can now be supported. 107 ), have already generated a great deal of enthusiasm and expertise.
In this context, we draw attention to our new dataled system, Predicting Language Outcome and Recovery After Stroke (PLORAS). We currently have 330 patients on the database, as well as the software to retrieve the scores from patients who have the same lesion as a new patient. The next stage will be to scale up these procedures and make them available over the web. We welcome any clinical or research collaborators interested in testing or contributing to our PLORAS system.
Conclusions and future directions
We have highlighted the value of PLORAS, a data-led system for predicting language outcome and recovery after stroke. Future research should refine the predictions by accounting for sources of variation between patients. The most important sources of variation are likely to be demographic details such as age at stroke, handedness, educational attainment, comorbidity, motivation, vision, hearing, and attention. Randomized, blinded, controlled trials of treatment efficacy will also help us to generate distinct predictions for recovery that occurs sponta neously or depends on the type and duration of interventional therapy.
We can also enhance our predictions with information regarding which brain areas and white matter connec tions are most important for language. Data from lesion studies will need to be integrated with that from other methodologies, including functional imaging, [113] [114] [115] [116] [117] [118] structural studies of white matter co nnections, 119 per fusion mapping, 96 and analysis of (2 mm 3 ) in the brain. 94 The lesion image is compared with those from all the other patients already in the database. Patients in the database are then selected if they have a similar lesion to the new patient. The outputs are the language scores for the previous patients plotted over time, which enable the time course of recovery for the new patient to be estimated. The outputs differ with the type of language function, and will also depend on patient demographics, comorbidities, and degree and type of therapeutic intervention.
cognitive ontologies. 120 Advances in our understanding of how brain regions interact within distinct networks should facilitate this process. [76] [77] [78] 121, 122 To summarize, it is now feasible to create a database for the clinical translation of neuroscience, and the idea of freely sharing imaging data across units is gaining momen tum. We have initiated such a scheme in the shape of PLORAS. As the database expands, and the results of future research are integrated, the time course of re covery will be adjusted to account for details such as age at stroke, educational attainment, comor bidity, and the type and duration of interventional therapy. The predictive validity of this scheme will, therefore, be proportional to the size of the database, 108, 109 which in turn will depend on intercenter collaborations.
Review criteria
We searched PubMed for research papers published over the past 15 years that reported population studies of the lesion sites that impaired performance on speech production or speech comprehension tasks. We only included studies that used in vivo radiological investigations with high-resolution MRI to provide detailed information on the structural integrity of the brain. We focused on studies that analyzed data from the whole brain rather than damage to predefined regions of interest. Our web searches included various combinations of the following terms: "stroke", "MRI", "aphasia", "language", "speech" "comprehension", "production", "vLSM", "vBM" and "voxel based". We also searched the reference lists of identified papers for further leads.
